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Background
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Schistosoma mansoni is one of Digenea that infect human causing chronic

Tufts University, North Grafton, MA, USA;
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Faculty of Medicine, Mansoura University,
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debilitating disease, schistomiasis. Although S. mansoni adults are living in
the blood stream (inferior mesenteric venous system), the cut section of
these vessels with living worms show no obvious immunological (inflammatory cells) or hematological (clot) attack around parasites. It was hypothesized that tegumental surface of schistosomes express proteins modulating
the local environment around them, preventing host defense response.
Here we have expressed an active schistosoma tegumental alkaline phosphatase (SmAP) in Chinese hamster ovary (CHO). SmAP is a ~60 kDa
ecto-nucleotidase metalloenzyme- need divalent ions for fully efficiency at
pH 9. . We previously reported that living worms can cleave exogenous
adenosine monophosphate (AMP) to generate adenosine acting as a local
anti-inflammatory mediator. We show here that rSmAP can cleave AMP to
generate adenosine. In addition, it can catalyse nucleoside monophsphate
(CMP, GMP, and TMP) using the products as nutrients. Also, we show that
live schistosomes as well as rSmAP can cleave sphingosine-1-phosphate
(S1P) - lipid mediator released by platelet regulates lymphocyte trafficking,
and control platelet aggregationThis is the first demonstration of any pathogen cleaving this key control molecule. This work reveals that the worms
using its tegumental SmAP to make less hostile surrounding area.
Key words:
Sphingosine -1- phosphate, Schistosoma mansoni, schistosoma tegumental
alkaline phosphatase.

Introduction
Schistosoma mansoni is one of the three most important Schistosoma genus worms that cause
chronic debilitating disease in human, schistosomiasis. According to WHO, over 200 million people are infected with these worms around the
world and more than 800 million live at risk of infection (1). Human could catch infection after direct contact with fresh water contains infective
stage, cercariae, that transform into migratory
stage, schistosomula, after host skin penetration.
The schistosomulae migrate through several tissues and stages to their residence in the portal
vein, where maturate into adult male and female.
Schistosoma mansoni paired worms migrate to inferior mesenteric venules, where lay mature eggs
that shed in stool. Eggs hatch in fresh water re-

leasing miracidia that penetrate intermediate snail
host- the host of asexual cycle that produce the
infective cercaiae (2).
Invasion of host blood by relatively large pathogen, like adult S. mansoni (~0.5 mm in diameter
and up to 10 mm long) compared to the mesenteric veins diameter (1–4 mm), should provoke both
thrombus formation and immune attack to eradicate the pathogen (3). On the other hand, schistosomes adult can live in blood stream for years up
to decades, indicating that schistosomes interfere
with the haemostatic and immune defense systems of their host (4, 5).
The tegument – syncytial cytoplasmic layer that
covers the entire intravascular schistosomes – is
a major interface between parasite and its host.
Molecular analysis of this tegument described
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many proteins, carbohydrates and lipids. Surface

Material and Methods

reported Proteins are belonging to several class-

Parasites

es, such as: enzymes; receptors; and nutrient

S. mansoni cercariae were obtained from infected

transporter (6). Some of tegumental enzymes play

Biomphalaria glabrata snails at the Molecular Hel-

an

important role against normal heamostasis,

minthology Laboratory at Cummings School of

such as: Sm22.6(7) inhibits thrombin (main platelet agonist); enolase (8)activates plasminogen (fi-

Veterinary Medicine, Tufts University, USA. After

brinolytic agent); SmATPDase1 (9) hydrolyses

to promote shedding of parasites, cercariae num-

ATP (pro- pro-thrombotic nucleotides); and cal-

bers and viability were determined using a light

pains (10) cleaves fibronectin (blood clotting pro-

microscope prior to infection of Swiss Webster

tein). Also, proteomics have contributed much of
the new knowledge about the surface proteins
that have localized immunosuppressive effects,
such as : SmATPDase; SmNPP-5; and SmAP
(11).
Schistosoma mansoni alkaline phosphatase
(SmAP), is a tegumental enzyme (~60 kDa) which
is highly expressed in adult tegument intravascular parasite life stages, enable parasite to cleave
AMP releasing immunosuppressant adenosine.
This ability was abolished after treating parasites
with RNAi treatment targeting SmAP gene which
suppress its expression (12). We hypothized that
Schistosoma mansoni alkaline phosphatase
(SmAP) has a role in intravascular schistosomal
survival through dephosphrylation of phosphate
containing compounds which involved in host defense mechanisms like Sphingosine- 1-phosphate
(S1P). Sphingosine- 1-phosphate is a highly active lysophospholipid, synthesized by the phosphorylation of sphingosine by sphingosine kinase

mice with approximately 100 cercariae. Seven

in various cells of circulation, mainly platelets and
erythrocytes. S1P release from activated platelets

exposing of 6 week infected snails to light for 1.5h

weeks after infection, adult worms were obtained
by perfusion of mice according to(15) except: using of PBS containing 1.5% sodium citrate as a
perfusion; and CO2 for euthanasia. Parasites
were collected in RPMI medium, counted and immediately cultured in complete DMEM/F12 medium (supplemented with 10% heat-inactivated fetal
bovine serum (Gibco# 1600), 200 U/ml penicillin
and 200 µm/ml streptomycin,0.2 iM Triiodo-Lthyronine, 1.0 ?M serotonin, and 8 ig/ml human
insulin) and were maintained at 37°C,in an atmosphere of 5%CO2.
Schistosomula were prepared as described (16)
Ethics statement
All protocols involving animals were approved by
the Institutional Animal Care and Use Committees
(IACUC) of Tufts University under protocol
G2012-150. All animals were fed, housed and
handled in strict agreement with the recommendations of the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

can be stimulated by clotting factors such as,
thrombin and activated Factor X. Released S1P

Cloning, Expression and Purification

can synergistically enhance thrombin-induced tis-

Based on the complete coding region of the

sue factor (TF) expression in endothelial cells ini-

SmAP genes (accession number HM045783), the

tiating blood coagulation(13). In addition, S1P S1P

commercially synthetized coding sequence of the

alone can initiate platelet aggregation via sphingo-

S. mansoni Alkaline Phosphatase (SmAP) was

sine 1-phosphate receptor 1 S1PR facilitating pro-

first amplified by PCR with the primers: SmAP Fw

tease-activated receptor 4-peptide (PAR4-P) and

(5` CAC CTC GAG AAA TCG TCC TTA TTG AAT

adenosine diphosphate (ADP)–induced platelet
activation(14).

3`), and SmAP Rv (5` CAT GGT ACC TCT ATC

https://mmj.mans.edu.eg/home/vol45/iss1/3
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contain, respectively, AscI and XhoI restriction

points post-transfection for analysis. No medium

site to assist subsequent cloning into the expres-

changes or additions were made after transfec-

sion vector pSecTag2A (Invitrogen # V90020).

tion. The transfection efficiency, post-transfection

Then, amplified plasmid inserted fragments were

cell growth rate, and cell viability were assessed

confirmed Automated DNA sequencers (http://

during a period of 3 days after transfection by ad-

www.tucf.org/dnasequencing). The resulting plas-

dition of Trypan blue solution (Sigma# T8154) to

mid was transformed into Escherichia coli TOP10

the culture sample and determination of the num-

competent cells (Invirogen# C404003) that were

ber of Trypan blue-stained (dead) cells versus the

grown in growth medium (LB broth, Miller # BP

total cell population. As described in (18)Use the

(17). Suspension-

equilibrated 1ml HisTrap excel (GE Healthcare #

adapted FreeStyle CHO-S cells (Invitrogen) were

17-3712-06) column to load the filtered cell cul-

grown in FreeStyle CHO Expression Medium sup-

ture medium that contains secreted SmAP at a

plemented to 8 mM L-glutamine (Thermo Fisher

flow rate of 3 ml/min, then His Buffer Kit (GE

Scientific# 25030081) at densities between 0.2 x

Healthcare# 11-0034-00) was used to prepare

106 and 2 x 106 cells/ml, and kept on the shaker

wash and elution buffer. After complete running of

platform (Thermo Scientific MaxQ SHKE2000

cell culture supernatant, the column was washed

CO2) rotating at 120–135 rpm, at 37°C and. Cell

with 10 column volumes of wash buffer at a flow

density and viability were determined by Bright-

rate of 3 ml/ min, then was eluted with elution buf-

line Metallized Hemacytometer (Hausser Scientif-

fer using 5 column volumes of elution buffer at

ic# 3110). The

1426-500) as described in

maximal cell densities were

flow rate of 1ml/ min. the elute was dialyzed over-

achieved while maintaining a dispersed single cell

night at 4°C against 5 L of 50 mM Tris-HCL (pH

suspension and an overall viability of more than

7.4), 150 mM NaCl, then concentrated by ultra-

98%.One day prior to transfection, cell culture

centrifugation into 1ml volume (Pierce Protein

was diluted with fresh medium to a density of 0.6-

Concentrator PES, 30K MWCO# 88522). The

0.8x106 cells/ml resulting in a density of 1.2–1.8
x 106 cells/ml on the day of transfection. Just prior

eluted protein was detect by 4–20% Mini-

to transfection, culture was counted and cell den-

4561096), in which transferred PVDF membrane

sity adjusted to 1.2 x 106 cells/ml by addition of

(Merck millipore# IPVH00010) probed with Anti-

fresh medium according to experimental require-

myc-HRP Antibody (Invitrogen# R950-25) and Co-

ments. Transfection was performed in 30 ml cul-

omassie Stain (BIO RAD# 1610786). The purified

ture in 125 ml Erlenmeyer tissue culture flasks

recombinant protein was quantified using Pierce

(VWR# 89095-258).

BCA Protein Assay Kit (Thermo Scientific#

Transfection complex was made by diluting 40ul

23227).

of FreeStyle

PROTEAN TGX Precast Protein Gel (BIO RAD#

MAX reagent (Invitrogen# 16-447-

100) into 0.6 ml of OptiPRO TM SFM (gibco#
12309-050) and adding that immediately to 40ug
plasmid DNA diluted into 0.6 ml of OptiPRO TM
SFM. The 1.2 ml DNA-transfection reagent complex solution was then incubated at room temperature for 10 min and slowly added to the suspension culture while slowly swirling the flask.
Transfected cells were placed back on the shaker
and samples were harvested at various time

Deglycosylation of rSmAP and native protein
According

to

the

manufacturer’s

instructions

(NEW ENGLAND BioLabs# P0704S) Deglycosylation was performed by adding PNGase F. Briefly, 5ug of rSmAP (in 9 µl adjusted volume with
dH2O) or 9 µL of male worm lysate (separate
tube) was combined with 2 µl Glyco Buffer denaturation buffer and 2 µl of PNGase F (each reac-
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tion was adjusted to 20 µL using dH2O). Samples

measured over pH range from 5.5 to12 using dif-

were incubated overnight at 37°C, followed by 4-

ferent buffer with different pKa: MES (Sigma#

20% polyacrylamide analysis

SDS-PAGE gel,

3058); MOPS (Sigma# M1254); Tris (Sigma#

transferred to activated PVDF membrane and

T2444, T3038 and T2819); Glycine (Sigma#

blocked with TBST (Tris-buffered saline pH 7.5

G8898) and adjusted to the same salt concentra-

and 0.05% Tween 20) containing 5% dry non-fat

tion. The reaction mixture (200ul) contained:

milk powder. The blot was incubated for 1h with

50mM of pH buffer; 10mM MgCl2; and 2mM of p-

polyclonal rabbit Anti-SmAP(1:500) at room tem-

NPP or AMP. The amount of inorganic phosphate

perature, followed by 5 times washing with TBST,

(Pi) released by rSmAP was determine using a

and another another 1h in Anti-rabbit IgG, peroxi-

Phosphate Colorimetric Assay Kit (BioVision#

dase-linked species-specific whole (from donkey)

K410-500) according to the manufacturer’s in-

at 1:5000( GE Healthcare# NA934). Amersham

structions.

ECL Prime Western Blotting Detection Reagent

We Modified the standard assay buffer (50mM

(GE

ChemiDoc

Tris-HCL pH 9) with different concentrations (0, 5,

Touch Imaging system (BioRAD) were used to de-

10mM) divalent metals [Mg+2 (Sigma# M1028),

velop and image the blot respectively.

Ca+2 (Sigma# C3306), Zn+2 (Sigma# 229997),

Healthcare#

RPN2016)

and

Cu+2, and EDTA (Sigma# E7889)] to determine
SmAP activity

the activity of rSmAP in different ions. Reactions

The catalytic of SmAP activity in intravascular

started by adding of 2mM p-NPP to modified buf-

schistosomes was determined by measuring ab-

fer containing 0.15 µg rSmAP.

sorbance of generated p-Nitrophenol over time at
sate), 1000 schistosomula or individual adult male

Hydrolysis of monophosphate nucleotides by
rSmAP

or female schitosomes, in p-Nirophenyl phos-

In this assay, the amount of Pi released following

phate (p-NPP, Sigma# N1891) containing buffer.

hydrolysis of AMP (Sigma# A2225), CMP (Sig-

The assay buffer (200 il) contained 20 mM Tris-

ma#C1131), TMP (Sigma# T7004), and GMP

HCL pH 9 (Sigma# T2819), 135 mM NaCl (Sig-

(Sigma# G8377) is determined using Phosphate

ma# S7653), 5 mM KCl (Sigma-P9333), 10 mM

Colorimetric Assay Kit according to the manufac-

glucose (Sigma# G8270), 1mM CaCl2 (Sigma#

turer’s instructions. Briefly, the assay reactions

C3306), 10mM MgCl2 (Sigma# M1028), and 2

were performed in in 96-well micro titer plates

mM enzyme substrates p-NPP. Also, rSmAP was

(Corning# 3997), each well contained 200 il of 20

used at 0.15ig/assay.

mM Tris-HCL buffer, pH 9, 135 mM Na2Cl, 5 mM

405nm after incubation of parasites (Living and ly-

Different rSmAP quantities (0.15, 0.3, and 1 µg/

KCl, 10 mM glucose, 2mM Ca2Cl, 10mM Mg2Cl

assay) were tested to determine a range of pro-

and 0.15 µg rSmAP (control reactions were incu-

tein showing a complete hydrolysis of p-NPP.

bated without rSmAP). Reactions were initiated

Synergy HT spectrophotometer (Bio-Tek Instru-

by the addition of 2mM monophosphate nucleo-

ments, Winooski, VT, USA) was used to monitor

tide solution to assay. Reactions were incubated

absorbance of generated p-Nitrophenol.

at 37 °C for 24h. At different time points, 10 iL aliquots were transferred to 190 iL ice-cold water

Biochemical characters of SmAP activity

and stored at -20 °C until measuring of released

To determine optimal pH, hydrolysis of p-NPP

Pi from monophosphate nucleotides.

(synthetic

5'-

To determine the kinetic parameters of rSmAP,

monophosphate (AMP, natural substrate) was

each phosphate compound was hydrolyzed at in-

substrate)

or

Adenosine

https://mmj.mans.edu.eg/home/vol45/iss1/3
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creasing concentration, fixed pH (9), and tempera-

Salt Solution blocking buffer) - for 1 hour. The

ture (room temperature) for 1 hour. The sub-

samples were incubated with primary anti-AP anti-

strates dissolved at the AP buffer and final con-

body (1:50) for 1hours. After 4 times washing with

centration of 0.15 µg rSmAP used. To set up

blocking buffer, Schistosomula were incubated

controls,

without

with Alexa Fluor 488 goat anti-rabbit IgG (Molecu-

rSmAP. Released Pi was measured calorimetri-

lar Probes, USA) diluted 1:100 in blocking buffer.

cally and results were plotted against substrate

Samples were 4 times washed and viewed using

concentration using Mechalis- Menten to deter-

an inverted fluorescent microscope (Eclipse Ti-E;

mine Km- the substrate concentration at which

Nikon).

substrates

were

incubated

the reaction rate is half maximum and inverse
substrate affinity for rSmAP- for each substrate.

Statistical analysis
All experiments were repeated at least 3 times

Dephosphorylation and inactivation of Sphingo-

with reproducible results. Data are presented as

sine 1-Phosphate by SmAP

Mean ±SD. Means are compared by: t-test (two-

To determine the catalytic activity of rSmAP for
Sphingosine 1-Phosphate (S1P, Sigma# S9666),
diluted 1.3 mM S1P in 95% methanol, followed by
drying Nitrogen and reconstitution in 4mg/mL Bovine serum albumin (BSA). The reconstituted S1P
in BSA was incubated with assay buffer at final
concentration of 500 µM at 37 °C for 24h. Assay

tailed, unpaired) for comparison of two groups;
one-way ANOVA for comparison of more than two
groups; repeated- measures ANOVA for comparison of more than two matched groups; and twoway ANOVA for comparison of different groups
with different factors followed by a post hoc Bonferroni multiple comparison test (GraphPadPrism,
v. 5; GraphPad Software, Inc, San Diego, CA,

buffer contained 100 iL of 20 mM Tris-HCL buffer,

USA). A probability value of less than 0.05 was

pH 9, 135 mM Na2Cl, 5 mM KCl, 10 mM glucose,

considered significant.

2mM Ca2Cl, 10mM Mg2Cl and 1 or 5 µg rSmAP.
Control was sat up with the same buffer lacking
rSmAP. At different time points, 10 iL aliquots

Results

were transferred to 190 iL ce-cold water and

Expression, purification of rSmAP
According to European nucleotide Archive (https:/
/www.ebi.ac.uk), SmAP sequence is 1,611 pb
with Accession number HM045783.1. As described in methods, expressed rSmAP in CHO-S
cells was purified and concentrated, then analyzed by SDS-PAGE probed with anti-myc (Fig
1A, central lane). Schistosomal lysate analysis by
SDS-PAGE probed with anti-AP shows almost the
same prominent band at ~60kDa (Fig 1A, left
lane). The soluble rSmAP was purified using Histag excel column and elute purity was detected by
SDS- PAGE followed by Coomassie blue staining
(Fig 1A, right lane). We characterized SmAP glycosylation using Peptide -N-Glycosidase F
(PNGase F), is an amidase that cleaves between
the innermost GlcNAc and asparagine residues of

stored at -20 °C until measuring of released Pi
from reactions using using Phosphate Colorimetric Assay Kit.
Catalytic activity of tegumental SmAP of intravascular schistosomes was measured by the same
way of rSmAP, but incubation of 250 µM reconstituted S1P with: ~1000 schistosomula, or individual male or female adult for 24h at 37 °C.
Immunolocalization of SmAP in S.mansoni schistosomula
Cultured schistosomula (2 weeks old) were fixed
in 4% paraformaldehyde or acetone for 30min
were blocked with blocking buffer -1% BSA (bovine serum albumin) in HBSS (Hank's Balanced
2016 Mansoura Medical Journal
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high mannose, hybrid, and complex oligosaccharides from N-linked glycoproteins. Figure 1B
shows immunoblots of expressed transiently
rSmAP and native SmAP with and without
PNGase F. rSmAP was observed as ~60 kDa
band, and upon PNGase F the band size was reduced (unglycosylated SmAP). The latter size corresponds well to the predicted molecular mass
.Similar results were seen for native SmAP.

(Ca+2, Zn+2, and Cu+2) show little or no increase
in enzyme activity. On the other hand, Adding of
chelating agent, EDTA, significantly abolishes
rSmAP activity (-95%).
Optimal pH of rSmAP, shown in Figure3C and 3D,
ranges between 9- 10.5 according to tested substrate. Also, the capability of rSmAP to remove
the phosphate group in alkaline medium depends
on the used substrate.

SmAP activity in intravascular stages of S. mansoni
Figure 2A shows increase releasing of pNitrophenol from p-NPP over 30 min after incubation with intact living 1000 schistosomula or total
lysate of equivalent number of parasites, which
reveal activity of SmAP. It is observed that SmAP
activity in total lysate is double activity in intact
one. Also, there is no activity in media around cultured Schistosomula indicating absence of SmAP
in surrounding area. In Figure 2B, adult parasites
(male in blue and female in red) are releasing pNitrophenol after exposure to p-NPP indicating
SmAP activity in both intact living and total lysate.
As in schistosomula lysate, adult total lysate
shows more activity than intact ones.

Nucleoside monophosphate catalysis by rSmAP
The capability of rSmAP to release inorganic
phosphate from AMP, TMP, CMP, and GMP is
shown in figure 4A. Released phosphate level, after adding of nucleotides to buffer contains
rSmAP, is directly proportional to incubation time
of reaction. Affinity of rSmAP for nucleotides and
p-NPP was examined to detect the kinetic parameters of rSmAP, which expressed as MichaelisMenten equation. Michaelis constant (KM) of
rSmAP for each substrate is depicted in figures
4B-4F.

Biochemical characters of rSmAP
Purified concentrated rSmAP was tested to determine the phosphatase activity through releasing
of terminal phosphate from synthetic substrate (pNPP) producing yellow p-nitrophenol in alkaline
medium. Figure 3A shows that increasing concentration of rSmAP releases more p-nitrophenol
indicating more activity, while adding of known inhibitor of alkaline phosphatase, Imidazole, to previous reaction decreases p-nitrophenol release indicating enzyme inhibition. Recombinant SmAP
shows specific activity of 7.20 µmol p-nitrophenol
generated /min/mg.
Figure 3B shows relative significant increase
(130-140%) of rSmAP activity after adding of
Mg+2 to standard buffer assay, while other ions

https://mmj.mans.edu.eg/home/vol45/iss1/3
DOI: 10.21608/mjmu.2016.122208

Impact of SmAP on S1P
The catalytic ability of rSmAP to degrade exogenously added S1P was determined through measuring of released phosphate over time. Figure 5A
shows significant increase of inorganic phosphate
at 6 and 24h after incubation with different concentrations of rSmAP (1 and 5 µg).
Also, intravascular schistosomes can degrade
S1P over time as shown in Figure 5B. Male
shows higher catalytic activity compared to females, mostly explained by larger surface area of
male. In figure 5C, Adding of parasites (+) can
cleave S1P releasing Pi, while Reaction lacks parasites (-) shows no released phosphate.
SmAP immunolocalization in schistosomula
In figure 7, Immunostaining of one week Schistosomula demonstrates the local distribution of that
SmAP on the tegument (left panel) while, Control
parasites that exposed to 2nry Antibodies only,
don’t show any signals (right panel).
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Figure 1A. Detecting both native and recombinant SmAP by SDS-PAGE. In lane (a) S. mansoni adult
male lysate (~ 0.5 male per lane) was resolved by SDS-PAGE , blotted to PVDF, and
probed with anti-SmAP as primary antibody then anti-rabbit IgG -HRP as secondary antibody. Lane (b) shows SDS-PAGE resolved pure concentrated CHO-S expressed SmAP (~
0.5µg/lane) after blotting to PVDF and probing with anti-myc-HRP. The purity of CHO expressed SmAP is detected in lane (c) by staining of resolved SmAP with Coomassie Blue
stain. All lanes in (A) show prominent bands at 60kDa. B. Western blot analysis of both native and recombinant SmAP. After overnight with PNGase F (+) or without (-), Both rSmAP
and adult worm lysate are resolved by SDS-PAGE, blotted to PVDF, and probed with antiSmAP as primary antibody then anti-rabbit IgG -HRP as secondary antibody. The treated
samples show lower shifting compared to non-treated ones.
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Figure 3. Characterization of rSmAP. A) Dose dependent hydrolysis of p-Nitrophenyl
phosphate by active rSmAP, releasing p-Nitrophenol, at OD405, while adding of 0.5 mM imidazole (alkaline phosphatase inhibitor) to 0.15 µg r SmAP
reaction inhibits release of p-Nitrophenol. B) Hydrolysis activity of rSmAP in
buffer containing: 5 mM of EDTA; No metal ions; then 1 and 5 mM of (Mg+2,
Ca+2, Zn+2, and Cu+2). Results expressed as relative activity compared
with activity of rSmAP in buffer lacking metal ions, which was set as 100%.
Repeated- measures ANOVA Shows P values for the comparison between
rSmAP activity in non-treated buffer (0) and other treated buffers: *p
<0.01;**p <0.001; ***p < 0.0001. C) Hydrolysis of p-NNP by r.SmAP in different pH levels. D) Dephosphorylation of AMP by rSmAP in different pH buffers.

https://mmj.mans.edu.eg/home/vol45/iss1/3
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Figure 4. Figure 4. rSmAP releases phosphate from nucleoside monophosphate. A) Significant increase
of released Pi level from AMP, TMP, CMP, and GMP over time after incubation with 0.15 µg
rSmAP. One way ANOVA Shows P values for the comparison between released Pi level in
each time point and pervious one: *p <0.01;**p <0.001; ***p < 0.0001. Figures B to F show
Michaelis-Menten kinetics of rSmAP for different nucleotides and specific synthetic substrate (p-NPP). Michaelis constant KM of rSmAP for each substrate is depicted and derived
from three independent experiments.
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Figure 5. Dephosphorylation of S1P by SmAP. A) rSmAP capacity to degrade 500 µM S1P at different
time points in presence of 1 or 5 µg. Repeated- measures ANOVA ( red and blue) Shows P
values for the comparison between different time point released Pi level in each concentration. Two ways ANOVA (black) shows P value for comparison between both concentrations in
each time point. B) Significant increase of released Pi from 250 µM S1P after incubation with:
1000 schistosomula (gray bars); individual adult female (red bars) and male (blue bars). Repeated- measures ANOVA shows P values for comparison between different time points pi
level in each group. C) Dephosphorylation of 250 µM S1P in presence (+) and absence (-) of
two male parasites. Two ways ANOVA (black) shows P value for comparison between Pi level
in (+/-) parasites, while unpaired t test (red) shows P value for comparison of Pi level in presence of parasites at 2 and 4 hours. ns p>0.05 *p <0.01;**p <0.001; ***p < 0.0001.

Figure 6. Immunolocalization of SmAP in 7-day cultured schistosomula
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Discussion

tivity under alkaline conditions. The enzyme’s pH

In this work, we have generated and purified func-

optimum is 9. How enzymatically efficient alka-

tionally active recombinant SmAP using a CHO

line-loving parasite ectoenzymes like SmAP are in

cell expression system. SDS-PAGE and Coomas-

the host vasculature is unclear given that blood,

sie staining reveal that the recombinant protein is

the habitat of the worms studied here, is strongly

of high purity and reacts with commercially gener-

buffered and maintains a neutral pH. Additionally,

ated anti-SmAP antibodies (in addition to antibod-

the adult worms excrete large amounts of lactate

ies directed to the recombinant protein’s myc tag).

(23, 24) which would serve to acidify the parasite’s

Analysis of rSmAP by SDS-PAGE shows it to run

local environment, potentially further dampening

at its predicted monomeric size: 60 kDa. Treat-

the activity of these tegumental ectoenzymes.

ment of rSmAP with the N-glycan cleaving enzyme, PNGase F, results in a small but discerna-

Early work revealed alkaline phosphatase activity

ble protein mobility shift on SDS-gels. Similarly,

in the parasite surface membranes (25, 26) and al-

treatment of the native protein in worm extracts

most certainly the activity of SmAP was being

also leads to a mobility shift showing that SmAP
is a glycosylated protein (19). This is in agreement

measured. More recent tegument proteomic stud-

with earlier work in which the enzyme was purified

ments (12, 19) confirm that SmAP is found in the

from extracts of adult parasites following lectin

parasite surface membranes. We show here that

(Concanavalin A) agarose affinity chromatogra-

living schistosomes (schistosomula as well as

phy (20). SmAP protein sequence analysis shows

adult male and female worms) can cleave the al-

it to possess several potential N-linked glycosyla-

kaline phosphatase substrate

tion sites (12).

previously shown that live schistosomula whose

ies (27-29) as well as immunolocalization experi-

p-NPP. We have

SmAP gene is suppressed by RNAi are severely
We show here that rSmAP can cleave the artificial

impaired in their ability to cleave this substrate

substrate p-nitrophenyl phosphate (p-NPP) in a

(12). In this work we provide direct evidence that

reaction that requires Mg2+ ions. Other cations

rSmAP can cleave p-NPP.

(Ca, Cu, and Zn) cannot substitute for Mg2+ and
removing cations by treating the protein extract

Immunolocalization data reveal that SmAP, in ad-

with the chelator EDTA eliminates enzyme activi-

dition to being in the tegument, is also found in

ty. These data are consistent with an earlier re-

the parasite’s internal tissues. This is consistent

port in which the alkaline phosphatase activity of

with our finding that parasite lysates (schistoso-

isolated S. mansoni tegumental material was

mula as well as adult male and female worms)

stimulated by 10mM Mg2+ but inhibited by >1mM

display greater p-NPP cleaving ability compared

Ca2+ (21). Adding increasing amounts of non-

to the live worms. Activity displayed by living par-

Mg2+ cations to the reaction measured here di-

asites represents the action of SmAP enzyme that

minishes enzyme activity, presumably by compet-

is located at the host-parasite interface whereas

ing for efficient Mg2+ binding to the protein.

lysates contain both surface and internal SmAP.
The activity measured for individual males versus

Like other schistosome ectoenzymes that are well

individual females is comparable. So, while indi-

expressed at the host-parasite interface (e.g. the

vidual females are considerably smaller than their

nucleotide

pyrophosphatase/phosphodiesterase

male counterparts, they do display higher relative

SmNPP5 and the diphophodiesterase SmATP-

expression of the SmAP gene (12). Earlier work

Dase1 (12, 21, 22)), SmAP too displays highest ac-

examining isolated adult tegumental material re-
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ported that >75% of total alkaline phosphatase

sphingosine and phosphate. This suggests that

activity was found in these “epidermis mem-

schistosomes can cleave S1P to generate its

branes” (30). Our experiments involving live worm

component parts. The fold increase in sphingo-

alkaline phosphatase activity, suggest that tegu-

sine and phosphate is notably greater than the

mental activity accounts for somewhat less (~

fold decrease in S1P, suggesting that sources

50%) of that measured in total parasite lysates.

other than S1P account for much of the accumu-

This is true for schistosomula as well as adult

lated sphingosine and phosphate. To test the hy-

males and females. Note that medium in which

pothesis that schistosomes can indeed hydrolyze

schistosomula were cultured for 24 hours does

S1P (and not merely recruit or activate a host en-

not have SmAP activity showing that the protein

zyme with this function), living intravascular life-

has not been excreted or secreted from the para-

stage parasites (schistosomula and adult males

sites to any measurable extent during culture.

and females) were each incubated with commercially obtained S1P. At selected times thereafter,

Living schistosomes can also cleave several nu-

S1P cleavage was examined by monitoring the

cleoside monophosphates (NMPs): AMP, CMP,

level of phosphate released. In each case, this

GMP and TMP. We show here that parasites

was observed. Consistent with this finding is the

whose SmAP gene has been suppressed are sig-

observation that rSmAP can, itself, cleave S1P to

nificantly impaired in their ability to cleave these

liberate phosphate. This is the first report of any

substrates. Recombinant SmAP also cleaves

parasite possessing the ability to cleave this im-

these NMPs and with a generally similar Km

portant bioreactive metabolite.

(~600-650 µM). SmAP-mediated cleavage of
AMP leads to the generation of adenosine (12)

S1P is a lipid signaling molecule that plays a criti-

which, by signalling through anti-inflammatory P1

cal role in the orchestration of immune responses.

purinergic receptors, could dampen host immune

It binds specifically to a family of G-protein-

responses (31, 32). Adenosine generated by the

coupled receptors (S1P receptors 1 to 5) leading

SmAP-mediated dephosphorylation of AMP may

to downstream signaling and cellular effects. S1P

additionally (or instead) be taken up by the para-

is enriched in blood and lymph whereas it is much

sites as a nutrient (12). Since schistosomes cannot synthesize purines de novo (33), salvage of

lower in interstitial fluids of tissues, creating a

such biomolecules from the host is vital. In a simi-

trafficking of immune cells like lymphocytes, den-

lar manner, SmAP-mediated dephosphorylation of

dritic cells and neutrophils (35). S1P can be se-

CMP, GMP and TMP may generate the nutrients

creted by monocytes and vascular endothelial

cytosine, guanine and thymine in the immediate

cells (36, 37) and during some inflammatory reac-

environment of the parasites from where these

tions “a burst of S1P” is reported to become avail-

might be conveniently and efficiently taken in.

able to its receptors in the extravascular compart-

steep S1P gradient (34) that is utilized to regulate

ment likely leading to tissue responses (34).
Clues as to other biomolecules that might act as

Elevated local S1P concentrations have been

substrates for SmAP arose following our analysis

postulated to play an important role in directing

of the metabolome of murine plasma in which

immune cells to sites of local injury (38). Process-

adult schistosomes were incubated for one hour.

es like lymphocyte circulation, leukocyte recruit-

Such a plasma sample, compared to a control,

ment and positioning, antigen presentation, and

shows a diminution in sphingosine-1-phosphate

inflammation are all influenced by local and sys-

(S1P) levels along with a concomitant increase in

temic S1P levels and by S1P receptors expressed
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on immune cells (36, 37). By degrading S1P using

more than a surface for the uptake and exchange

SmAP, we hypothesize that schistosomes contain

of metabolites (43). It contains a collection of pro-

any S1P burst and dampen associated parasite-

teins that can profoundly impact the biochemistry

damaging host responses.

of the parasite’s local environment. For instance,
host interactive tegumental proteases can cleave

Recent studies have revealed that S1P signaling
is not just involved in immune cell function but is
also actively coupled with coagulation processes

key components of the coagulation cascade like
fibronectin (44) and high molecular weight kininogen.

Tegumental

ATPdiphosphohydrolase

(38). During vascular injury the coagulation pro-

SmATPDase1 can cleave the pro-inflammatory

teases thrombin and activated factor X can en-

mediator ATP as well as the procoagulant ADP

hance the synthesis and release of S1P from vas-

(22, 45). The ectonucleotide pyrophosphatase /

cular smooth muscle cells (38). Platelets, which

phosphodiesterase

contain high concentrations of S1P, can release it

cleave ADP and has been shown to block platelet

during coagulation (39). In addition, S1P can di-

aggregation in vitro. In addition, the parasites ex-

rectly initiate whole blood aggregation via S1P re-

press proteins at their surface (e.g. SmEnolase)

ceptor 1 expressed by platelets and facilitates

that can act to recruit and activate the thrombus-

platelet aggregation in response to protease-

degrading enzyme plasminogen (46). The tegu-

activated receptor 4-peptide (PAR4-P) and ADP

mental ectoenzyme under study here - SmAP -

(40). For schistosomes, the action of tegumental

contributes to these capabilities by converting

SmAP would likely diminish the local concentra-

AMP to its anti-inflammatory derivative adenosine

tion of S1P to ameliorate its downstream pro-

(12) and, as shown in this report, by degrading the

coagulant effects.

pro-inflammatory and pro-coagulant lipid mediator

SmNPP5

can

additionally

S1P. All of these molecular effects likely contribThis is the first report of an ability of any pathogen
to target and degrade extracellular S1P. It has
been reported that some pathogenic bacteria can
subvert intracellular S1P pathways to promote
survival. For instance, within macrophages Burkholderia pseudomallei and B. thailandensis secrete S1P cleaving enzymes (S1P lyases) that
are required for replication and virulence (41). A
Legionella pneumophila S1P lyase restrains autophagy within infected macrophages and contrib-

ute to the known ability of living schistosomes to
impede blood coagulation in vitro (47), to remain
overtly unmolested by immune and coagulation
effectors in vivo (48) and to survive for many years
within the vasculature of their hosts.
In this work, we have expressed a fully active recombinant SmAP using CHO cell expression system. It was identified by commercially synthetized
anti SmAP antibodies.

utes to bacterial virulence (42). In these examples
the pathogen enzymes appear to target intracellu-
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